We have generated a single-wavelength data signal with a data capacity of 5.1 Tbit/s. The enabling techniques to generate the data signal are optical time-division multiplexing up to a symbol rate of 1.28 Tbaud, differential quadrature phase shift keying as data format, and polarisationmultiplexing. For the first time, error-free performance with a bit error rate less than 10 −9 is demonstrated for the 5.1 Tbit/s data signal. This is achieved in a back-to-back configuration using a direct detection receiver based on polarisation-and time-demultiplexing, delay-demodulation and balanced photo-detection. Ichikawa, D. Erasme, A. T. Clausen, and P. Jeppesen, "640-Gbit/s data transmission and clock recovery using an ultrafast periodically poled lithium niobate device," J. Lightwave Technol. 27(3), 205-213 (2009). 7. P. Mamyshev, "All-optical data regeneration based on self-phase modulation effect", in
Introduction
The needs for more bandwidth and reduction of the accompanying power consumption have emerged as two clear trends in optical communication in recent years, and the use of fewer lasers and higher single-channel bit rates is being explored as a possible solution. In order to explore the limits of the bit rate that can be achieved on a single-wavelength channel, the technique of optical time division multiplexing (OTDM) is used. This technique is based on bit-interleaving a large number of optical data channels at identical wavelengths, with a low symbol rate (base rate) and a very short duty cycle. Recently, OTDM has been used to generate a single-channel data symbol rate exceeding 1 Terabaud [1] . In terms of generating higher data rates using OTDM, continuous progress has been made over the past decade. In 2000, a single-wavelength data rate of 1.28 Tbit/s was demonstrated with error-free performance, that is, with a bit-error rate (BER) less than 10 −9 [2] . Here, the data signal was generated by multiplexing a 10 Gbaud channel encoded with the binary on-off keying (OOK) format up to 640 Gbaud, followed by polarisation-multiplexing (pol-mux). To further increase the data rate, a modulation format enabling several bits per symbol can be used in combination with OTDM and pol-mux. The differential quadrature phase shift keying (DQPSK) format yields 2 bits/symbol, and has been used together with 640 Gbaud OTDM and pol-mux to demonstrate an error-free data rate of 2.56 Tbit/s [3] . More recently, the data formats of 8PSK (3 bits/symbol) and 16-QAM (4 bits/symbol) have been combined with OTDM up to 640 Gbaud and pol-mux, followed by coherent detection and offline digital signal processing to assess the BER performance of the generated data signal [4] . A net errorfree data rate up to 3.56 Tbit/s was obtained with 8PSK, under the assumption that forward error-correction (UFEC) is applied. A data rate of 5.1 Tbit/s was attempted by using 16-QAM, but a BER below the UFEC limit of 2 × 10 −3 was not obtained in this case. In this paper, we report the generation and first successful detection of a 5.1 Tbit/s singlewavelength data rate by demonstrating error-free real-time performance with a BER lower than 10 −9 . The data signal is based on a 1.28 Tbaud OTDM symbol rate, the highest symbol rate reported so far [1] , followed by pol-mux. The DQPSK format is used for datamodulation. The BER performance of the 5.1 Tbit/s data signal is measured in a direct detection receiver based on polarisation-and time-demultiplexing, followed by delaydemodulation and balanced photo-detection, resulting in a BER better than 10 −9 .
Experimental set-up
A schematic of the experimental set-up is shown in Fig. 1 , where the 5.1 Tbit/s transmitter is shown in (a) and (b), and the 5.1 Tbit/s receiver is shown in (c). The experimental set-up is built in a back-to-back configuration where the electrical clock signal to the receiver is obtained directly from the transmitter. Furthermore, the control pulses for demultiplexing in the receiver are obtained from the transmitter pulse source. For a transmission experiment, a separate control pulse source would be required in the receiver, as well as a clock recovery mechanism to extract the base rate clock from the OTDM data signal, see e.g [5, 6] .
The 5.1 Tbit/s transmitter is based on a 10 GHz Erbium-glass oscillating pulse generating laser (ERGO-PGL), emitting pulses at 1542 nm with a full-width at half-maximum (FWHM) pulse width of ~1.5 ps. The ERGO-PGL pulses are sent into a Mamyshev regenerator [7] , based on self-phase modulation (SPM) in a dispersion-flattened highly non-linear fibre (DF-HNLF1) followed by off-carrier filtering with tuneable band-pass filters (BPFs). The purpose of the Mamyshev regenerator is to generate signals at separate wavelengths for the data signal and the control pulses needed for demultiplexing in the receiver. Before entering DF-HNLF1, the 10 GHz ERGO-PGL pulses at 1542 nm are amplified to an average power of 24.9 dBm and then filtered on-carrier with a 5 nm BPF in order to suppress the amplified spontaneous emission (ASE) noise from the EDFA at the converted data and control wavelengths. The 10 GHz control pulses (ctrl) are obtained by filtering the SPM-broadened spectrum with a 9 nm BPF tuned to 1535 nm. The 10 GHz pulses for the data signal are obtained by filtering at 1550 nm with a 5 nm BPF. The parameters of DF-HNLF1 are: length 400 m, dispersion D = −0.45 ps/(nm·km) and slope S = 0.006 ps/(nm 2 ·km) at 1550 nm, and non-linear coefficient γ = 10.5 W -1· km −1 . Note that the Mamyshev regeneration for the 10 GHz data signal effectively suppresses small trailing pulses present in the ERGO-PGL output. Such trailing pulses would be detrimental to the quality of the 5.1 Tbit/s data signal since they can cause interferometric cross-talk to other data pulses with which they overlap in time. As the next step, the pulses obtained at 1550 nm are compressed from a FWHM of ~1 ps down to ~200 fs by SPM-based spectral broadening in DF-HNLF2, followed by spectral shaping with a broad 14 nm BPF centered at 1550 nm. The average input power of the uncompressed 10 GHz pulses into DF-HNLF2 is 25 dBm. The parameters of DF-HNLF2 are: length 100 m, D = −1.11 ps/(nm·km) and S = 0.005 ps/(nm GHz compressed pulses are then encoded with 10 Gbaud DQPSK data by using a push-pull LiNbO 3 Mach-Zehnder modulator (MZM, realising π phase-shifts) and a LiNbO 3 phasemodulator (realising π/2 phase shifts), both driven from de-correlated 10 Gbit/s 2 7 −1 PRBS data patterns. The data pulses are then OTDM-multiplexed from 10 Gbaud up to 1.28 Tbaud (in a single-polarisation) using passive fibre-based delay-line multiplexer stages (MUX). Finally, the 1.28 Tbaud DQPSK pulses are polarisation-multiplexed (POL-MUX) by using a polarisation-maintaining 50:50 coupler and a polarisation beam splitter (PBS), resulting in a 5.1 Tbit/s single-wavelength data signal centered at ~1555 nm. The 5.1 Tbit/s data signal is then detected in the receiver set-up shown in Fig. 1 (c) . Firstly, the PBS performs polarisation-demultiplexing of the incoming 5.1 Tbit/s data by separating each constituent 1.28 Tbaud polarisation-component (pol1 and pol2). In this experiment, the input polarisation to the PBS is manually adjusted. In a real system, an automatic polarisation tracking and control mechanism would be required. A non-linear optical loop mirror (NOLM) is then used for OTDM-demultiplexing the 1.28 Tbaud data (e.g. pol1) down to a 10 Gbaud symbol rate. The NOLM operation is based on cross-phase modulation in a 15 m HNLF using the 10 GHz control pulses at 1535 nm. The individual channels can be selected using a tuneable optical time-delay ∆t. The parameters of the 15 m HNLF are: a zero-dispersion wavelength at ~1545 nm, a dispersion slope of S = 0.015 ps/(nm 2 ·km) at 1550 nm, and γ = 10.5 W -1· km
MUX
. The average output powers of the amplifiers before the NOLM are 20 dBm for the control pulse EDFA and 27.6 dBm for the 1.28 Tbaud data EDFA. The FWHM pulse widths at the HNLF input are 440 fs (control) and 410 fs (data). The spectra of the control and data signals at the input to the HNLF are shown in Fig.  2 . The pulse broadening and control-data walk-off in the HNLF are negligible. The demultiplexed 10 Gbaud pulses are extracted using a 1 nm BPF at 1557 nm, as shown in Fig.  2 , and finally detected using a 10 Gbaud DQPSK receiver. Here, the 10 Gbaud DQPSK data are pre-amplified, filtered and then demodulated using a 1-symbol delay interferometer (DLI), with a tuneable phase-shift to select the 10 Gbit/s in-phase (I) and quadrature (Q) components.
The DLI outputs are detected using a balanced photo-detector (BPD), followed by a 10 Gbit/s error-detector for BER evaluation. The ERGO-PGL, the pattern generator and the errordetector are synchronised by an electrical synthesiser running at 9.9535 GHz. 
Results and discussion
The system is tested using both DPSK and DQPSK data-modulation, and using symbol rates of 640 Gbaud and 1.28 Tbaud. Error-free operation with a BER less than 10 −9 is obtained in all cases.
The DPSK data-modulation is obtained simply by turning off the driving signal to the phase-modulator in the DQPSK modulator, c.f. Figure 1 (b) . Autocorrelation traces of the 1.28 Tbaud DPSK data signal and the 10 GHz control pulse used for demultiplexing are shown in Fig. 3 (measured at the input to the NOLM-HNLF). The timing and amplitude of the 128 channels is obtained by manual adjustment of the multiplexer stages, and the data autocorrelation shows that a well-aligned OTDM data signal is obtained. The BER curves of eight consecutive (neighbouring) 10 Gbaud DPSK channels after detection (OTDM-demultiplexing, delay-demodulation and balanced photo-detection) are shown in Fig. 4 . Polarisation-multiplexing is not used here. All eight channels have error-free performance with a variation in sensitivity of only ~0.7 dB. The power penalty with respect to the 10 Gbaud DPSK reference sensitivity of −40.8 dBm, measured immediately after the datamodulator, is ~2.6 dB. These measurements show that a very even performance is obtainable for the different OTDM channels. In principle, all channels should be demultiplexed with error-free performance in order to verify the integrity of the entire OTDM data signal, as it was done in the first demonstration of 1.28 Tbaud OTDM, where on-off keying was used as data format [1] . However, such a complete characterisation was not carried out in this work. The DQPSK data modulation is obtained by turning on the driving signal to the phasemodulator, following the MZM generating the DPSK, cf. Figure 1 (b) . The pulse widths are the same as above. Figure 5 (a) shows BER curves for a 10 Gbaud DQPSK channel demultiplexed from 640 Gbaud. Without pol-mux, yielding a data rate of 1.28 Tbit/s, the demultiplexed 10 Gbit/s I-and Q-components have sensitivities of −34.8 dBm and −35.2 dBm. There is a penalty of less than 3 dB compared to the 10 Gbaud reference I/Q sensitivity of −37.6 dBm. When adding pol-mux to reach 2.56 Tbit/s, the sensitivity of the same demultiplexed 10 Gbit/s I-component (as without pol-mux) is only increased by 0.5 dB to −34.3 dBm, which is a penalty of 3.3 dB compared to the reference. These particular measurements show that 2.56 Tbit/s can be generated from 640 Gbaud with low penalty using pol-mux and DQPSK. The symbol rate is then doubled to 1.28 Tbaud, and with pol-mux a total bit rate of 5.1 Tbit/s is obtained. The resulting BER curves are found in Fig. 5 (b) , showing the I/Q components of a 10 Gbaud DQPSK channel demultiplexed from each 1.28 Tbaud polarisation-component (pol1 and pol2) of the 5.1 Tbit/s data signal. The corresponding eyediagram is shown in Fig. 6 . BER values better than 10 −9 are detected for all measured curves, hence demonstrating that error-free performance can be obtained at 5.1 Tbit/s. However, there is an error-floor below 10 −9 and a penalty of about 7-10 dB relative to the 10 Gbaud DQPSK reference sensitivity. The error-floor is primarily attributed to a slightly too large data pulse FWHM (410 fs) compared to the 1.28 Tbaud bit slot of 785 fs, implying some pulse tail overlap between neighbouring channels. As a consequence, there is a certain amount of interferometric cross-talk that deteriorates the DQPSK performance at 1.28 Tbaud. An ideal pulse FWHM should not exceed about 0.4 × time-slot, which is 314 fs at 1.28 Tbaud [8] . In this experiment, the broadened data pulse FWHM of 410 fs at the NOLM, compared to the compressor output FWHM of ~200 fs, is primarily attributed to spectral shaping by the data EDFAs in the set-up. Note that two additional EDFAs (not shown in Fig. 1 ) are used within the MUX to compensate for a total loss of ~35 dB in the seven delay-line stages used to reach 1.28 Tbaud (the loss is ~5 dB per stage). None of the EDFAs in the set-up are equipped with gain-flattening filters. Hence, we expect that the error-floor at 5.1 Tbit/s can be avoided if only gain-flattened data EDFAs are used, since this will strongly reduce the pulse broadening due to spectral shaping. As another remark, the 2 7 -1 PRBS pattern used to drive the datamodulator was held fixed, and longer bit sequences were not tested. However, no pattern dependence of the performance is expected in this experimental set-up. Finally, note that there is a small mismatch of ~564 fs between the ERGO-PGL repetition period and the 1-symbol delay of the DLI, the effect of which is somehow corrected by narrow filtering in the receiver. For the 640 Gbaud DQPSK measurements in Fig. 5 (a) , 0.3 nm and 0.9 nm BPFs are used instead of the 1 nm and 5 nm BPFs shown in Fig. 1 (c) . This resulted in an improved sensitivity as can be observed by comparing the reference BER curves in Fig. 5 (a) and (b) . However, this narrow filtering also limited the amount of power (P rec ) that could be obtained in the receiver, and there was not sufficient power to reach a BER below 10 −9 when increasing the symbol rate to 1.28 Tbaud. In this case, the 1 nm and 5 nm BPFs were used to receive sufficient power to obtain the error-free performance as seen in Fig. 5 (b) .
Conclusion
We have demonstrated a 5.1 Tbit/s data capacity on a single-wavelength channel by obtaining, for the first time, a BER performance below 10 −9
. The 5.1 Tbit/s data signal was generated by using 1.28 Tbaud OTDM, DQPSK data-modulation, and polarisation-multiplexing. The data signal was detected in a back-to-back configuration, using a direct-detection type receiver based on polarisation-demultiplexing and time-demultiplexing, followed by delaydemodulation and balanced photo-detection. This experiment clearly demonstrates the considerable bit rates that can be obtained using single-channel data generation.
